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Disruption of the Diaphanous-Related Formin
Drf1 Gene Encoding mDia1 Reveals a Role
for Drf3 as an Effector for Cdc42
dromic deafness, and DIA (DRF2; Xq22/mouse Drf2;
[10]) is associated with premature ovarian failure, a syn-
drome characterized by infertility. Murine p140mDia1/
Drf1 (Drf1) [3], the homolog of human DFNA1/DRF1, and
p134mDia2/Drf3 (Drf3/human DRF3) [11] were identified
Jun Peng,1,3 Bradley J. Wallar,1,3 Akiko Flanders,1
Pamela J. Swiatek,2 and Arthur S. Alberts1,*
1Laboratory of Cell Structure and Signal Integration
2 Laboratory of Germline Modification
Van Andel Research Institute
333 Bostwick Avenue, N.E. by two-hybrid screening with activated RhoA as a bait.
Grand Rapids, Michigan 49503 Subsequent studies have shown that both Drf1 [12] and
Drf3 bind to RhoA-C (B.J.W. and A.S.A., unpublished
data), and, like yeast Bni1p, Drf3 also binds to Cdc42
Summary in vitro [2, 11].
Drfs are characterized by a variety of shared domains,
Background: Mammalian Diaphanous-related formins including the Formin homology-1 (FH1) and FH2 do-
(Drfs) act as Rho small GTPase effectors during growth mains identified by Castrillon and Wasserman [1, 8]. Drfs
factor-induced cytoskeletal remodeling and cell divi- also have N-terminal GTPase binding domains (GBDs)
sion. While both p140 mDia1 (herein called Drf1) and and highly conserved Dia-autoregulatory domains (DADs)
p134 mDia2 (Drf3) have been shown to bind in vitro to in the C terminus [3, 11, 13]. Drfs are activated when
activated RhoA-C, and Drf3 has also been shown to GTP-bound Rho binds to the GBD and disrupts its au-
bind to Cdc42, little is known about the cellular function toinhibitory interaction with DAD [12, 13]. Expression of
of these GTPase effector pairs. Thus, we have begun deregulated or activated GBD-truncated forms of the
targeting the murine Drf genes to address their various murine Drf1 or Drf3 induce the formation of supernumer-
contributions to small GTPase signaling in cytoskeletal ary actin filaments that can be bundled into stress fibers
remodeling and development. in a Rho kinase (ROCK)-dependent manner [4, 12, 14].
Results: Drf1 /, /, and / cell lines were de- Drfs can also be deregulated by overexpression of the
rived from embryonic stem cells. While some Drf1 / C-terminal DAD domain, which, like activated Rho, binds
lines had fewer actin stress fibers, several Drf1/ and to the GBD and disrupts the autoinhibited state [13]. Like
/ cells were more motile and had more abundant GBD truncation, the addition of DAD to cells containing
lamella and filopodia. Because the apparent “gain-of- endogenous Drfs induces actin filament formation, sta-
function” corresponded with elevated levels of Drf3 pro- bilizes microtubules [15], and activates serum response
tein expression, we hypothesized that the effects on the factor-mediated transcription [4, 13]. However, in both
actin cytoskeleton were due to Cdc42 utilization of Drf3 cases, the contribution of the GTPases to the regulation
as an effector. In this study, we found that inactive Drf3 of Drfs is eliminated or masked.
variants and microinjected Drf3 antibodies interfered Cdc42 regulates numerous actin-remodeling factors
with Cdc42-induced filopodia. In addition, we observed in both yeast and animal cells [16]. While Cdc42 has
that Drf3 contains a previously unidentified CRIB-like been shown to regulate Bni1p during polarized cell
motif within its GTPase binding domain (GBD). By fluo- growth in budding yeast [2, 17], a role for Cdc42 in
rescent resonance energy transfer (FRET) analysis, we Drf regulation has not been found in animal cells. In
demonstrate that this motif is required for Cdc42 binding fibroblasts, activated Cdc42 has been shown to gener-
and Drf3 recruitment to the leading edge and, surpris-
ate filopodia or microspikes composed of unbranched
ingly, to the microtubule organizing center (MTOC) of
parallel and highly stable bundles of actin filaments at
migrating fibroblasts.
the cell cortex [18–20]. The primary Cdc42 effector in
Conclusions: Our observations extend the role of the
this process has been thought to be N-WASP and itsmammalian Drfs in cell signaling and demonstrate that
binding partners WIP and IRSp53 [21–23]. However,Cdc42 not only activates Drf3, but guides the effector
N-WASP activation leads to the activation of the Arp2/3to sites at the cell cortex where it remodels the actin
actin-remodeling complex and the nucleation of branchedcytoskeleton.
actin filaments that primarily contribute to the formation
of lamella in migrating cells (reviewed by Welch andIntroduction
Mullins [24]). Filopodia, on the other hand, are composed
of highly stable bundles of actin filaments that areThe Diaphanous-related formins (Drfs) constitute a con-
thought to be the product of elongation at their tipsserved subfamily of Formin homology (FH) proteins [1]
rather than nucleation [18]. Further, N-WASP knockoutthat act as critical effectors for Rho small GTPases [2–5].
cells still form filopodia when microinjected with acti-The family includes S. cerevisiae Bni1p and Bnr1p [6],
vated Cdc42 [25]. Other studies have implicated IRSp53S. pombe For3p [7], and insect D. melanogastar Diapha-
in filopodia formation, but not necessarily as a bindingnous [8]. Human Drfs have been identified during the
partner for WASP [26]. IRSp53 does contain a partialcharacterization of genetic disorders: DFNA1 (human
CRIB motif, but it acts as a bridge between Cdc42 andDRF1; chromosome 5q31; [9]) is mutated in nonsyn-
the Ena/VASP protein Mena. Ena/VASP proteins have
also been shown to localize to the tips of filopodia and*Correspondence: art.alberts@vai.org
3 These authors contributed equally to this work. may direct actin nucleation by uncapping filaments [27].
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Interestingly, IRSp53 has been found to be a Drf1 bind- antibodies [4] to confirm loss of protein expression (Fig-
ure 1C). We found that both in vitro-derived homozygousing partner as well [28].
In this study of the cellular effects of Drf1 gene knock- Drf1 / cell lines 2B1 and 2D6 did not express Drf1
protein. All three heterozygous Drf1 / cell lines hadout, we found that, in comparison to Drf1/ and one
Drf1/ cell line, several Drf1-deficient cell lines had diminished Drf1 protein levels. These results confirmed
that we had correctly targeted the Drf1 gene. However,elevated Drf3 levels. Not surprisingly, these cell lines
not only had increased actin stress fibers, reflecting when we compared these cells to wild-type Drf1 /
cells (CJ7) or NIH 3T3 cells, we found altered levels ofDrf3 utilization as a RhoA effector, but also contained
increased cortical F-actin and filopodia. These results p134 Drf3. In both Drf1 null cell lines and one of the
/ lines (2E5), we found increased expression of Drf3,led us to examine whether Drf3 was actually an effector
for Cdc42, which we previously demonstrated could presumably due to cellular compensation for Drf1 loss.
We then examined if the actin cytoskeleton was al-bind in vitro to activated Cdc42 in yeast two-hybrid and
in vitro “pull-down” experiments [11]. Here, we show tered in Drf1/ and Drf1/ cells. While cell cultures
from in vitro-differentiated embryoid bodies can be het-that Cdc42 does indeed target Drfs in cells during actin
remodeling. erogeneous, reflecting the pluripotent nature of ES cells,
most of our isolated lines tended to consistently display
similar features: Figures 2A–2D show filamentous actin
Results organization in representative Drf1 /, /, and /
cell lines growing in the presence of serum. Drf1 /
Targeted Disruption of the Drf1 Gene in Mouse cells had a fibroblast-like appearance and marked stress
Embryonic Stem Cells fibers. In contrast, Drf1/ line 1A7 (Figure 2B) had
To disrupt the Drf1 gene, we generated a targeting vec- diminished stress fibers. This corresponded with dimin-
tor (pDOEG1; Figure 1A) that would disrupt exons 2–6 ished expression levels of both Drf1 and Drf3 (Figure
with a gene expression cassette bearing an enhanced 1C). On the other hand, Drf1 / and Drf1 / lines,
green fluorescent protein and a neomycin-resistance with low Drf1 levels and elevated Drf3, were highly motile
gene, via homologous recombination. The targeting and had multiple filopodia, microspikes, or lamella in
construct was electroporated into mouse embryonic comparison to Drf1 / cells. These results led us to
stem (ES) cells that were then selected for transforma- suspect that Drf1 deficiency, Drf3 overexpression, or
tion and expression of the neomycin-resistance gene by both events were leading to the altered cytoskeleton in
G418 antibiotic selection. Selected clones were injected our cells. We then examined Drf3 localization in our
into blastocysts and were implanted into pseudopreg- cells to determine if it was associated with these active
nant female mice to generate Drf1 / embryos and structures.
then eventually homozygous Drf1/mice. The results Endogenous Drf3 was monitored in fixed 2D6 cells
of these experiments will be described elsewhere (J.P., by indirect immunofluorescence to determine if it was
P.J.S., and A.S.A., unpublished data). associated with the filopodia or other structures. As
To study the requirement for Drf1 in cytoskeletal re- shown in Figure 2E, Drf3 (green) was found along radial
modeling, Drf1 / cells were selected for loss of the arrays that corresponded with stable microtubules (data
second Drf1 allele by high G418 selection as described not shown). The colocalization of Drf3 on microtubules
in the Experimental Procedures. G418-resistant colo- was consistent with previous findings with Drf3-EGFP
nies were isolated and assayed for loss of the second fusion proteins [15]. Drf3 was also found in distinct
Drf1 allele by both Southern blotting and PCR-based puncta of varying sizes along the cell periphery indicated
screening (data not shown). These cells were then used by arrowheads. When we visualized F-actin, it was clear
to produce cells from embryoid bodies (EBs). that many of the puncta were at the edges of growing
Drf1/,/, and/ ES cells were plated onto Petri lamella (bottom row) or at the center of small stellate
dishes and maintained in in vitro differentiation medium F-actin arrays (top row). Together with in vitro Cdc42-
without leukemia inhibition factor (LIF), which normally Drf3 binding data [11], and the extensive filopodia in
maintains ES cells in an undifferentiated state. EBs from Drf1 null/Drf3-overexpressing cells, the result that Drf3
/ and / cells formed 8 days later, while / cells is targeted to the cell cortex led us to further investigate
required 9 days to form. EBs reached their maximum whether Drf3 was indeed a bona fide effector for Cdc42.
size after 14–15 days and then were passaged onto
polycarbonate tissue culture plates where adherent
cells typically differentiated into epithelial- and fibro- Drf3 Contains a Functional CRIB Motif
In vitro experiments have shown that Cdc42 binds toblast-like cells and were accompanied by substantial
programmed cell death [29]. Five to ten surviving cell the GBD of Drf3 in two-hybrid assays and in a GTP-
dependent manner [11]. Comparison of the amino acidcolonies were isolated and genotyped by both PCR and
Southern blotting (data not shown) for the presence of sequence of Drf3 with known CRIB motif [30]-containing
proteins by ClustalW analysis [31] revealed a clear ho-the recombinant allele and were expanded for further
analysis. Shown in Figure 1B are genotypes of CJ7 wild- mology with a diverse subset of Cdc42-interacting pro-
teins (Figure 3A). The conserved histidine, H160 in Drf3,type Drf1 / cells, three / clones (1A7, 2E5, and
2F1), and two / cell lines (2B1 and 2D6). indicated by the arrowhead corresponded to the posi-
tion shown to be critical for the Cdc42 interaction withCell extracts from the indicated clones of
Drf1 /, /, and / cells derived from EBs were N-WASP [32].
To test if this was indeed a bona fide CRIB motif, weassayed by immunoblotting with Drf1- and Drf3-specific
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Figure 1. Drf1 Gene Targeting
(A) A schematic of the Drf1 gene and pre-
dicted recombination of EGFP and PGK-
neoR into exon II.
(B) P1–3 in (A) represent PCR primers used
for genotyping of cell lines derived from in
vitro-differentiated embryoid bodies; PCR-
based genotypes were confirmed by South-
ern blotting (data not shown).
(C) Immunoblots of cell extracts produced
from the indicated Drf1 /, /, and /
EB-derived cells by using anti-Drf1 or -Drf3
antibodies [4].
converted H160 to aspartate in the Drf3 GTPase binding functional GTPase binding domain, except that it could
no longer bind to activated Cdc42 via the CRIB motif.domain and analyzed the interaction with activated
Cdc42. We examined binding by two-hybrid analysis; a We then examined in detail the role of the Cdc42 interac-
tion with Drf3 in cells.yeast reporter strain was cotransformed with the indi-
cated plasmids for “bait” Gal4-DNA binding or “prey”
activation domain fusion proteins. In this case, the baits Cdc42 Localization and Activation of Drf3
Expression of activated Cdc42 and interfering Rac1 haswere activated RhoA-V14, Cdc42-V12, DAD, or a GBD
binding-deficient variant, DAD-M1041A [11, 13], and the been shown to synergistically induce the formation of
microspikes and filopodia in various cell types [19, 20].prey was the GBD derived from Drf3 encoding amino
acids 1–257 with and without an H160D substitution at Mammalian Drf proteins have been shown to be targeted
to cell membranes, endosomes, phagocytic cups in in-the critical position. Successfully transformed colonies
were restreaked and tested for growth on selective me- terphase cells, mitotic spindles, midbodies, and cleav-
age furrows of dividing cells [3, 4, 33]. First, we wisheddia supplemented with 3-aminotriazole to increase the
requirement for expression of the HIS4 reporter gene to determine if activated Cdc42 alone, or in conjunction
with interfering Rac, would alter localization of an EGFP-[13]. The results are shown in Figure 3B: we found that
the H160D substitution disrupted the ability of Cdc42 Drf3 fusion protein during filopodia formation. Figure 4A
shows activated Cdc42-V12 coexpression with EGFP-to bind to the GBD. However, the ability to interact with
RhoA or DAD was unaffected. These results suggested Drf3 in NIH 3T3 cells. Cdc42-V12/EGFP-Drf3-expressing
cells developed a cortical band of F-actin (inset) that didthat the altered H160D version of the GBD was still a
Cdc42 and Diaphanous-Related Formins
537
Figure 2. Actin Architecture in Drf1-Deficient
Cells
(A–D) F-actin structures in Drf1 /, /,
and / cells (TRITC-phalloidin). Cells were
plated onto glass coverslips for 24 hr before
fixation and were stained as described in the
Experimental Procedures.
(E) Drf3 (green) localization in 2D6 Drf1 /
cells; F-actin (red). The scale bar represents
1 m.
not significantly differ from cells expressing activated Figure 5A. A FRET signal would be generated by emis-
sion of light from the donor fluorophore (ECFP), fusedCdc42-V12 and EGFP alone (Figure 4C), except for a
small increase in stress fiber-like bundles that traversed to Cdc42, and to the acceptor (EYFP), fused to Drf3,
upon the direct interaction of the GTPase with the Drf3the cell. When Cdc42-V12 and EGFP-Drf3 were coex-
pressed with RacA-N17, filopodia become apparent, as GBD.
We first expressed the fusion proteins in NIH 3T3 cells,shown in Figure 4B; EGFP-Drf3 decorated the filopodia
and also localized to the tips of the actin structures. maintained in low serum (0.1% FCS), to confirm that
they were still active and to examine their subcellularWe then generated ECFP and EYFP fluorescent pro-
tein fusions of Cdc42-V12 and Drf3, respectively, to ex- targeting (Figure 4E). First, ECFP-Cdc42-V12 was coex-
pressed with EYFP (top row); note that ECFP (green)amine colocalization and direct interactions in cells by
fluorescence resonance energy transfer (FRET) [34]. A and EFYP (red) have been false colored. Consistent with
the observations made with untagged Cdc42-V12 anddiagrammatic representation of the FRET probes that
shows ECFP-Cdc42 activating EYFP-Drf3 is provided in EGFP (Figure 4C), there was a small enhancement of
Current Biology
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localized with anti--tubulin antibodies (data not
shown). The centrosomal localization appears to be de-
pendent upon the FH2 domain, which is sufficient to
target fluorescent proteins to the organelle (B.J.W. and
A.S.A., unpublished data). The significance of this colo-
calization is not clear. It may, however, suggest a role
for Cdc42 and Drf3 in regulating microtubule dynamics
at the MTOC.
We then turned to the FRET technique to ascertain
whether Cdc42-V12 and Drf3 could interact within the
cell. The results are shown in Figure 5B. In cells express-
ing ECFP-Cdc42-V12 and either EYFP (top row) or EYFP-
GBD-Drf3 (data not shown), no significant FRET was
observed. In contrast, as shown in two examples (sec-
ond and third rows), cells expressing ECFP-Cdc42-V12
and EYFP-Drf3 generated a FRET signal along the cell
cortex and at discrete regions corresponding to the
MTOC (indicated by arrowheads). A significantly lowerFigure 3. Drf3 CRIB Motif
signal was also generated in punctate regions through-(A) ClustalW alignment of murine and human Drf2/DRF2 and Drf3/
out the cells. We then examined whether disruption ofDRF3 with known CRIB-containing proteins.
(B) Two-hybrid assay of Cdc42-V12 interaction with Drf3 GBD and the CRIB site would affect the FRET interaction by ex-
Drf3 GBD H160D, bearing an amino acid substitution in the putative pressing EYFP-Drf3 H160D and ECFP-Cdc42-V12 (Fig-
CRIB motif [32]. The yeast reporter strain M555 was cotransformed ure 5B, bottom row). In this case, the FRET signal was
with “bait” plasmids for expression of Gal4 DNA binding domain
significantly diminished. Together with our ECFP-fusion proteins (pGBT9 [TRP]) and “prey” Gal4 activation domain
Cdc42-V12 and EYFP-Drf3 colocalization data, ourfusions of the Drf3 GTPase binding domain (GBD). Requirement for
FRET results suggest that the small GTPase activatesexpression of the HIS4 reporter was tested by the ability to grow
on media lacking histidine and supplemented with increasing the effector at specific sites.
amounts of 3-aminotriazole (3-AT). Numbers indicate the highest Cdc42 has been shown to be involved in cell polarity
concentration of 3-AT (mM) in which cells containing the respective and directed cell motility [35, 36]. We examined where
bait/prey plasmids were able to grow [11].
wild-type Cdc42 would interact in NIH 3T3 cells migrat-
ing toward an artificial wound edge created by scraping
cortical F-actin and very few microspikes or filopodia. As cells on the glass coverslip with a pipette tip. Cells were
shown in the second row, ECFP-Cdc42-V12 and EYFP- plated and allowed to grow to a monolayer and were
GBD-Drf3 coexpression appeared to synergize and then maintained in low serum (0.1% FCS) for 24 hr; cells
enhance the formation of microspikes (Figure 4E, sec- were then “wounded” and microinjected with expres-
ond row, inset 2). In contrast, ECFP-Cdc42-V12 and sion plasmids for the FRET biosensor pairs. A total of 4
EYFP-Drf3 coexpression only further enhanced the cor- hr later, cells were fixed, stained with mouse monoclonal
tical actin bands (third row, inset 5). We consistently anti--tubulin antibody to visualize MTOCs, and ana-
observed EYFP-GBD-Drf3 at the tips of filopodia and lyzed for FRET. The results are shown in Figure 5C; FRET
microspikes of Cdc42-V12-coexpressing cells. The mo- was observed at the leading edge of the cell oriented to
lecular requirement for this Drf3 targeting or the syner- the wound edge, indicated by the white bar. As pre-
gistic formation of microspikes is not clear. However, viously observed in NIH 3T3 cells [36], the MTOC was
we speculate that the deregulated Drf3 is either promot- oriented toward the wound edge and was the site of
ing the extension of new filopodia at the barbed end or a substantial FRET signal between ECFP-Cdc42 and
capping them as they extend (see Discussion). We also EYFP-Drf3. The FRET signal at the cortex was localized
found full-length Drf3 (third row) and EYFP-GBD-Drf3 to the leading edge of the cell oriented toward the
(second row) colocalized with ECFP-Cdc42-V12 at the wound. We also found discrete regions of FRET emanat-
base of the microspikes. Thus, it appears that Drf3 tar- ing from punctae between the MTOC and the cell edge.
geting to the potential site of activation at either the The nature of these bodies are unknown, as we have
cell cortex or the tips of filopodia is not necessarily not yet determined if they are vesicular, on the dorsal
dependent upon the GTPase binding domain. However, cell membrane, or in sites of adhesion. Taken together,
as shown in Figure 4E (bottom row/inset), EYFP-Drf3 our FRET results suggest that the Cdc42-Drf3 pair is
H160D, which does not bind to Cdc42-V12, was not active at the MTOC and at the leading edge of the cell
significantly targeted to the cell cortex. These data sug- during directed cell migration.
gest that the GBD does have a significant role in direct-
ing Drf3 to the site of activation. Together, the results
indicate that the GTPase interaction may have a tran- A Role for Drf3 in Cdc42-Induced
Actin Remodelingsient role in the recruitment of Drf3 to the cortex and
that, after activation, the interaction is no longer required To determine if Drf3 was involved in Cdc42-V12-induced
actin remodeling, we first employed an antibody micro-for targeting.
In all cases, a substantial ECFP-Cdc42-V12 signal was injection approach to interfere with Drf function, a
method previously used to study Drf1 in NIH 3T3 cellsalso located in the nucleus and at the MTOC as shown
in Figure 4E, (see insets 1, 2, and 4); the MTOC was [4]. We used 2D6 Drf1-knockout cells that were microin-
Cdc42 and Diaphanous-Related Formins
539
Figure 4. Drf3 Localization
(A–D) (A) EGFP-Drf3 and Cdc42-V12, (B) EGFP-Drf3, Cdc42-V12, and Rac1-N17, (C) EGFP and Cdc42-V12, and (D) EGFP-Drf3 alone were
expressed for 4 hr after microinjection of their expression plasmids (0.05 mg/ml each) into NIH 3T3 cells previously maintained in 0.1% FCS
for 24 hr. F-actin was visualized with TRITC-phalloidin.
(E) ECFP-Cdc42-V12 (false colored green) and EYFP-Drf3 fusions (red) expressed for 4 hr. Both Cdc42-V12 and Drf3 were targeted to the cell
cortex and to the MTOC that was localized with anti--tubulin (data not shown). GBD-truncated EYFP-Drf3 also was found at the tips of
microspikes (inset 3). There was little colocalization of EYFP-Drf3 H160D with ECFP-Cdc42-V12 at the cell cortex, whereas ECFP-Cdc42-V12
colocalized with EYFP-Drf3 at both the MTOC (inset 4) and at the cortex (inset 5).
Figure 5. Cdc42-Drf3 Interact in Cells
(A) A schematic representation of the FRET biosensors and their mode of action in these studies.
(B) Coexpression of ECFP-Cdc42-V12 with EYFP, EYFP-Drf3, or Drf3 H160D. Cells in this experiment were then subjected to FRET analysis
to observe the Cdc42-V12 interaction with Drf3. The temperature bar represents renormalized values for the intensity of energy transfer (red 
highest FRET, blue  lowest FRET). The last column shows the EYFP signal (false colored red) overlayed with the FRET signal (false colored
green). Arrowheads indicate the MTOC.
(C) FRET interaction between wild-type ECFP-Cdc42 and EYFP-Drf3 in a cell migrating toward a “wound” edge indicated by the bar (first
row). FRET was analyzed 4 hr after microinjection of expression plasmids for the fluorescent protein fusions; MTOC was visualized with anti-
-tubulin antibody as indicated by blue in the inset.
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Figure 6. Inhibition of Cdc42-Induced Actin Remodeling by Disruption of Drf3 Function
(A) Anti-Drf1 and -Drf3 antibody injection. Cells were microinjected with 1 mg/ml anti-Drf1, anti-Drf3, or nonspecific Rab IgG [4] along with
the Cdc42-V12 expression vector (pEFm-Cdc42-V12; 0.05 mg/ml).
(B) Cdc42-V12 expression with EGFP-FH1-Drf3-DAD or an interfering version, EGFP-FH1-Drf3-DAD G(YEK-R), that has four glycines
introduced into the eEF1A binding site [38].
jected with an expression vector for Myc-tagged Cdc42- lacking a portion of the EBS has also been shown to
interfere with actin remodeling and SRF activation [39].V12 along with 1 mg/ml nonspecific rabbit immunoglob-
ulins (Rab IgG), affinity purified anti-Drf1, or -Drf3 as Our results are shown in Figure 6B; we expressed
Cdc42-V12 along with FH1-Drf3-DAD or EBS-dis-indicated. Cells were injected twice, once in the nucleus,
required for expression from plasmid DNA [37], and once rupted FH1-Drf3-DAD G(YEK-R) in 2D6 cells for 4 hr.
As shown in the top row of Figure 6B, cells express-in the cytoplasm to deliver antibody. Cells were fixed 4
hr after injection and were stained for the presence of ing Cdc42-V12 and FH1-Drf3-DAD made filopodia,
whereas cells expressing FH1-Drf3-DAD G(YEK-R)expressed Myc-tagged Cdc42-V12 and F-actin. In con-
trast to NIH 3T3 cells, which required coexpression of failed to make filopodia (second row; 6% positive for
filopodia in two separate experiments). Interestingly,interfering Rac to induce filopodia, Cdc42-V12 was suffi-
cient to induce filopodia in 2D6 cells when coinjected this EBS-disrupted version of Drf3 did little to affect
stress fibers in 2D6 cells (data not shown). These inter-with either Rab IgG (95% positive for filopodia in three
separate experiments [n] where 20–40 cells were in- ference experiments further support a role for Drf3 in
Cdc42-V12-induced filopodia formation.jected) or anti-Drf1 (86%; n  3) as shown in Figure 6A.
On the other hand, anti-Drf3 coinjection (bottom panels) We also tested if overexpressed EGFP-DAD [13], con-
taining the extreme C terminus of Drf3 fused to EGFP,significantly blocked filopodia formation (12% positive
for filopodia; n 3) and also appeared to weakly disrupt could block filopodia. Previously, we have shown that
EGFP-DAD activates cellular Drfs by binding to theirpre-existing stress fibers.
We also tested whether an inactive Drf3 variant that GBDs and thereby disrupting autoinhibition. Like GBD
truncation of the Drfs, the net effect of EGFP-DAD ex-has a disrupted eEF1A binding site (EBS) [38, 39] could
interfere with filopodia formation. For mDia2, the EBS pression is the deregulation of Drfs, leading to the forma-
tion of numerous parallel actin stress fibers [4, 13]. Weis critical for function; we have found that the specific
substitutions in the EBS block SRF activation, actin re- compared the effects of Cdc42-V12 coexpression with
EGFP-DAD or a version bearing an inactivating aminomodeling, and microtubule stabilization (C. Eng, B.J.W.,
A.S.A., and G. Gundersen, unpublished data). This vari- acid substitution (M1041A) that blocks its ability to bind
to the GBD. The results are shown in the last two rowsant,FH1-Drf3-DAD G(YEK-R), has a series of glycines
substituted in a conserved region of the EBS (see the of Figure 6B. Cells coexpressing Cdc42-V12 and the
inactive EGFP-DAD M1041A still made filopodia; how-Experimental Procedures) that interferes with eEF1A
binding (B.J.W. and A.S.A., submitted); a variant of Drf1 ever, in cells expressing Cdc42-V12 and active EGFP-
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DAD, cells made no filopodia. Instead, they made nu- can be explained by considering that, in the first case,
deregulated GBD-Drf3 is in its “active” conformationmerous actin fibers, and the effects were indistinguish-
able from cells expressing EGFP-DAD alone without ac- and therefore should reflect what happens after the ini-
tial recruitment/activation step. That is, the interactiontivated Cdc42. The data suggest that one effect of
EGFP-DAD, in addition to disrupting autoinhibition, is of Drf3 with Cdc42 and the disruption of autoinhibition.
After activation, targeting to the filopodia may no longerto interfere with Cdc42-V12’s recognition of the GTPase
binding domain. Together with the results from the anti- be dependent upon the small GTPase interaction. On
the other hand, Drf3 H160D is not targeted to the cellbody anti-Drf3 microinjection experiments, these results
further suggest that Drf3 has a role in the filopodia for- cortex by activated Cdc42-V12, because only the CRIB
motif is specifically disrupted. However, because themation caused by activated Cdc42.
intramolecular interaction with DAD is intact [13], Drf3
H160D remains autoinhibited and therefore cannot beDiscussion
activated and recruited by Cdc42.
Perhaps GBD-Drf3 becomes targeted to the tips ofWhile studying the effects of genetic disruption of the
the filopodia by other functional domains that bind toDrf1 gene in cells, we have identified a role for Drf3 as
elongating actin filaments (see below). We predict thatan effector for Cdc42 during cytoskeletal remodeling.
other FH domains, and/or their binding partners, partici-The data suggest that, in addition to activating Drfs by
pate in the subsequent postactivation targeting of thedisrupting autoinhibition [12, 13], the small GTPase also
active scaffold. The best candidate is Src, which bindsdefines the context of Drf-mediated actin remodeling.
to the FH1 domain via its SH3 domain [4]. Src has beenFor Cdc42-activated Drf3, the activated Drf is predicted
shown to be recruited to filopodia by Cdc42 [42]. Otherto promote nucleation of unbranched actin filaments at
Drf binding factors, such as DIP [43] or IRSp53 [26, 28],the cell cortex [40, 41]. Together with accessory factors
could also contribute to postactivation targeting at thesuch as profilin [3], eEF1A [38], IRSp53 [26, 28], or Src
cell cortex. We are extending our analysis of Drf regula-[4], the net effect is the generation of microspikes and
tion by using FRET biosensors that measure GBD-DADfilopodia. The activation mechanism and the network of
interactions to determine the sequence of events thatpotential Cdc42-Drf collaborating proteins is shown in
follow the activation of Drf3 by Cdc42. Additionally, weFigure 7.
are investigating the significance of the interaction be-
tween Cdc42 and Drf3 at the MTOC. While Cdc42 has
Context-Dependent Activation of Drf3 by Cdc42 been shown to participate in MTOC orientation in migrat-
Endogenous Drfs have been localized to numerous sites ing cells [35, 36], it is not thought to involve the Drfs
within mammalian cells; e.g., during mitosis at the spin- and their ability to signal to microtubule stabilization
dle, midbodies, and the cleavage furrow [3, 4, 33]. In [36]. Further studies are needed to address the signifi-
interphase cells, Drf1 and Drf3 have been localized to cance of this observation.
the cell cortex, lamellipodia, and endosomes [3, 4]. As
we have shown here, endogenous Drf3 also decorates
microtubules, a result consistent with previous observa- Cdc42-Directed Drf3 Signaling
to Actin Remodelingtions made with EGFP-Drf3 [15]. Like other Drf family
members, Drf3 is autoregulated via the interaction be- Filopodia are composed of bundles of actin filaments
oriented with their barbed ends at the tip [44]. Studiestween its N-terminal GTPase binding domain and the
Dia-autoregulatory domain (DAD) in its C terminus [12, using various optical techniques have demonstrated
that filopodia are assembled and extended at the tip by13]. Until now, it has not been possible to determine
which of these pools contain “active” Drf protein bound elongation of the actin filaments [18, 45]. Close examina-
tion of filopodia dynamics led Mallavarapu and Mitchi-to small GTPases.
Based on the hypothesis that Cdc42 might utilize Drf3 son to conclude that filopodia assembly relies upon the
regulation of filament elongation rather than nucleationas an effector in Drf1-deficient cells, we have observed
Cdc42 interacting with Drf3 at sites of microspike forma- [18]. For the yeast Drf, Bni1p, recent studies by both
Pruyne et al. [41] and Sagot et al. [40] suggested thattion and at the leading edge of migrating cells. This
appears to be specific for the Cdc42 interaction with the combined FH1-FH2 regions from Bni1p can nucleate
actin filaments in vitro and promote growth at the barbedDrf3; in preliminary studies, we have found that other
small GTPases interact with Drf3 at diverse sites. For end. Mammalian FH proteins appear to have the same
activity (H. Higgs, personal communication). Other stud-example, RhoB interacts with Drf3 on endosomes
(B.J.W. and A.S.A., unpublished data). We have also ies of the FH1-FH2 region derived from yeast Cdc12p
indicate that FH proteins may function as barbed-endmade two apparently conflicting observations: First, we
found that the GTPase binding domain does not contrib- capping proteins (D. Kovar and T. Pollard, personal com-
munication). Capping proteins can nucleate actin andute to the targeting of Drf3 to the cell cortex, since
GTPase binding-defective (GBD) Drf3 still colocalized protect the barbed end from monomer loss and further
elongation and can thus promote the addition of actinwith activated Cdc42-V12 at the base of microspikes.
Second, we found that targeting of the CRIB-disupted monomers at the pointed end [46]. Our model (Figure
7) illustrates both possibilities, as it is not clear whetherH160D variant to the cell cortex was impaired. This latter
result suggested that Cdc42 binding to the GBD does Drf3 will behave exactly like either Bni1p or Cdc12p.
Also, since these studies used subfragments of theseparticipate in the recruitment of the Drf to the site of
actin remodeling. The paradox created by these results two FH proteins, it is not known if regions outside the
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Figure 7. Drf3 Activation at the Cell Cortex
(1) Cdc42 binding to the GBD disrupts the autoregulatory interaction with DAD [13], and (2) the GTPase-Drf3 complex becomes recruited to
the cell cortex. (3) The activated Drf3 alone, or in collaboration with its binding partners, is then predicted to nucleate actin [40, 41]. (4)
Filopodia extension then results from elongation of actin filaments caused by the addition of actin subunits at the barbed end. It is not known
if any of the Drf3 binding partners, indicated by the double-headed arrows, participate in the activation, recruitment, nucleation, and/or
elongation steps. These include Src [4], IRSp53 [26, 28], and DIP/WISH [43, 50], which potentially bridge WASP/Scar proteins [24] or Ena/
VASP proteins [27] to the Drfs during actin remodeling.
FH1-FH2 regions may contribute to actin filament re- be informative and provide insight into mechanisms of
cytoskeletal remodeling by the FH family of proteins.modeling. For example, DAD, which is not found in
Cdc12, closely resembles the WASP-homology (WH2)
Experimental Proceduresdomain and likewise binds to G-actin (B.J.W. and A.S.A.,
unpublished data). We are currently addressing whether
Drf1 Gene Targeting
this plays a role in the ability of Drf3 to remodel actin The Drf1 gene was isolated by screening (via PCR-based and South-
in cells. ern analysis) a bacterial artificial chromosomal library (Incyte Geno-
mics) containing genomic DNA from mouse strain 129. A 4.4 kb
DNA fragment bearing exon I and part of exon II, which was fused
Conclusions to the plasmid DNA sequence containing EGFP [4] and a neo-resis-
Ablation of Drf1 expression in murine cells has revealed tance gene under the control of the phosphoglycerate kinase pro-
moter, was isolated. The resulting recombined Drf1-EGFP chimeraan important role for the Diaphanous-related formin,
would encode amino acids 1–105 of Drf1 fused to EGFP. TheseDrf3, in Cdc42-regulated actin remodeling. Activated
genes were then flanked, on the 3 arm, by 1.6 kb of Drf1 DNACdc42 binds to Drf3 in cells in regions associated with
containing exon VI and flanking parts of introns V and VI as outlinedthe generation of filopodia. Given that Rho, Cdc42, and
in Figure 1A. Sequences in the resulting targeting plasmid, pDOEG1,
Rac GTPases bind to Drfs [47], our observations suggest were confirmed by direct sequencing; further details are available
that the study of specific GTPase-Drf pairs, including the upon request. Gene targeting and derivation of Drf1 null cells from
embryoid bodies was performed essentially as described elsewheretargeted ablation of other Drf family members, should
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[48]; additional information is provided in the Supplemental Data Acknowledgments
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